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The nucleotide sequence of the genome of the nucleopolyhedrovirus (NPV) from Mamestra configurata (MacoNPV, isolate
90/2), a group II NPV, was determined and analyzed. The MacoNPV DNA genome consists of 155,060 bp and has an overall
GC content of 41.7%. Computer-assisted analysis predicted 169 open reading frames (ORFs) of 150 nucleotides or greater
that showed minimal overlap. BLAST searches and comparisons with completely sequenced baculoviruses indicated that
there were 66 ORFs conserved among the nine baculoviruses compared and an additional 17 ORFs were conserved among
the NPVs. The gene content and gene arrangement in MacoNPV were most similar to those of SeMNPV, including two
putative odv-e66 and p26 gene homologues. However, in contrast to SeMNPV, 8 ORFs with homology to baculovirus repeat
ORFs (bro) and single copies of enhancin and conotoxin-like protein ORFs were found in MacoNPV. The MacoNPV genome
contained four homologous regions, each with 10 to 17 repeated sequences. Each repeat was 60 to 86 nucleotides in length
and contained an approximately 43-bp-long imperfect palindrome. There were 13 ORFs unique to MacoNPV, ranging from a
small ORF of 196 bp to larger ORFs of up to 1047 bp, and many of these contained typical early and late baculovirusINTRODUCTION
The Baculoviridae is a family of rod-shaped viruses
with large circular, covalently closed, double-stranded
DNA genomes of between 80 and 180 kb. The family
comprises two genera, Nucleopolyhedrovirus (NPV) and
Granulovirus (GV), distinguished by occlusion body mor-
phology (Blissard et al., 2000). Based on phylogenetic
analysis of the polyhedrin and DNA polymerase genes,
NPVs have been further divided into group I and II
(Bulach et al., 1999). Baculovirus diversity is reflected in
their host specificity, the pathology of their infection cy-
cle, and major differences in genome size and GC
content. To date the complete sequences of eight bacu-
lovirus genomes have been published and they range in
size from 101 to 179 kb and are predicted to encode 120
to 181 open reading frames (ORFs) (Table 1); these in-
clude Autographa californica multiple NPV (AcMNPV)
(Ayres et al., 1994), Bombyx mori NPV (BmNPV) (Gomi et
al., 1999), Orgyia pseudotsugata MNPV (OpMNPV) (Ahr-
ens et al., 1997), Lymantria dispar MNPV (LdMNPV) (Ku-
zio et al., 1999), Spodoptera exigua MNPV (SeMNPV)
(Ijkel et al., 1999), Helicoverpa armigera single nucleo-
capsid NPV (HearSNPV) (Chen et al., 2001), Xestia c-
Sequence data from this article have been deposited with the EMBL/
GenBank Data Libraries under Accession No. AF467808.
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All rights reserved.nigrum granulovirus (XecnGV) (Hayakawa et al., 1999),
and Plutella xylostella granulovirus (PlxyGV) (Hashimoto
et al., 2000).
Baculoviruses are pathogenic for arthropods and in
particular insects of the orders Lepidoptera, Diptera, and
Hymenoptera (Adams and McClintock, 1991). The bertha
armyworm, Mamestra configurata (Lepidoptera: Noctu-
idae), is an important pest of cruciferous oilseed crops in
western Canada. A series of NPV isolates from natural
populations of M. configurata has been characterized by
restriction endonuclease enzyme (REN) analysis and
designated MacoNPV (Erlandson, 1990). Results from
laboratory bioassays showed that the LD50 of these iso-
lates are typically in the range of 15–25 polyhedral inclu-
sion bodies (PIBs) per neonate bertha armyworm and
preliminary field trials indicate that the virus has good
potential as a biocontrol agent for this pest (Erlandson,
1990). A detailed physical map of one of these isolates,
MacoNPV90/2 (cited here as MacoNPV), was recently
developed and the polyhedrin gene cloned and se-
quenced (Li et al., 1997). However, due to the lack of a
cell culture line that supports MacoNPV replication, the
molecular characterization of this virus is limited and the
molecular mechanisms associated with its virulence and
host range are unknown. In this study, as a basis for
further molecular studies on this potentially very useful
bioinsecticide, we present the complete sequence andconsensus promoters. © 2002 Elsevier Science (USA)
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genetic organization of the MacoNPV genome and com-onsequen106
pare it to the sequence and genetic organization from
other baculoviruses.
RESULTS AND DISCUSSION
Nucleotide sequence analysis of the MacoNPV
genome
The genome size of the 90/2 isolate of MacoNPV was
previously estimated at 156 kb based on the REN frag-
ment sizes and the physical map (Li et al., 1997). In this
study the sequence data showed that the MacoNPV
genome size was 155,060 bp, in close agreement with
the previous estimate. The zero point of the linearized
physical map was previously designated the junction of
the HindIII-D and -E fragments and the orientation based
on the direction of transcription of the polyhedrin gene (Li
et al., 1997). However, by convention, we have here
designated the zero point as the adenine residue at the
translational initiation codon of the polyhedrin gene.
A total of 169 ORFs were identified in the MacoNPV
genome, defined as methionine-initiated ORFs encoding
putative proteins of more than 50 amino acids and with
minimal overlap with adjacent ORFs (Fig. 1, Table 2). The
169 ORFs identified were densely arranged with minimal
intergenic distances, and their distribution, with respect
to transcriptional orientation, was random and evenly
divided between clockwise (89 ORFs, 52.7%) and coun-
terclockwise (80 ORFs, 47.3%) directions (Fig. 1). Thirty
ORFs had small (75 bp) overlaps with adjacent ORFs.
Greater levels of overlap were found between ORF 47
and ORF 48 (244 bp), ORF 87 and ORF 88 (99 bp), ORF
102 and ORF 103 (169 bp), and ORF 133 (vp1054) and
ORF 134 (lef-10) (139 bp). One hundred fifty-six of the 169
MacoNPV ORFs (92.3%) have an assigned function or
have homologues in other baculovirus genomes and 13
ORFs are unique to MacoNPV (Table 2). Four homolo-
gous regions (hrs), with some similarity to other baculo-
virus hrs, were identified and located in the MacoNPV
genome (Fig. 1). In addition, eight baculovirus repeat
ORFs (bro) were found throughout the MacoNPV genome
and these were homologous to several classes of bro
genes identified in LdMNPV (Kuzio et al., 1999). The
detailed information on the location, orientation, size
(number of amino acids) of predicted polypeptides from
each ORF, and positions of hrs is summarized in Table 2
and shown diagrammatically in Fig. 1.
Comparison of MacoNPV gene content with that of
other NPVs
The MacoNPV genome was compared with those of
previously sequenced baculoviruses (Table 1). The ge-
nome size of MacoNPV, 155,060 bp, is among the larger
baculovirus genomes sequenced to date. The MacoNPV
has a GC content of 41.7%, similar to that of most
baculoviruses but significantly lower than that of OpMNPV
(55%) and LdMNPV (58%) (Table 1).
Among the 169 identified MacoNPV ORFs, BLAST
analysis identified 115, 113, 105, 114, 130, and 121 with
homologues in AcMNPV, BmNPV, OpMNPV, LdMNPV,
SeMNPV, and HearSNPV, respectively; whereas there
are only 68 and 93 MacoNPV ORFs with homologues in
PlxyGV and XecnGV, respectively (Table 1). Additional
gene-to-gene comparison demonstrated that 66 of the 67
ORFs common to all eight previously sequenced bacu-
loviruses (Hayakawa et al., 2000) were also found in
MacoNPV (Tables 2 and 3). Hayakawa et al. (2000) in-
cluded both AcMNPV ORFs 145 and 150 homologues
among the common baculovirus genes. MacoNPV has
two ORFs (MacoNPV ORFs 43 and 164) with significant
homology to AcMNPV ORF 145, and contains an AcORF
150 homologue (MacoORF 18); however, this ORF was
TABLE 1
Characteristics of Baculovirus Genomes
Characteristic AcMNPV BmNPV OpMNPV LdMNPV SeMNPV HearSNPV MacoNPV PlxyGV XecnGV
Size (kb) 133.9 128.4 132.0 161.0 135.6 131.4 155.1 101.0 178.7
GC content (mol%) 41 40 55 58 44 39 42 41 41
Total ORFs 154 136 152 163 139 135 169 120 181
Number of Maco-ORFs found to be
homologues in other baculoviruses 115 113 105 114 130 121 — 68 93
Unique ORFsa 14 0 26 4 20 20 13 18 52
Number of hr sequences 8 7 5 13 6 5 4 4 9
Number of bro genes 1 5 3 16 0 3 8 0 7
Early promoters 65 12 61 12 34 33 25 15 11
Late promoters 72 78 64 49 72 60 75 52 82
Early  late promoters 29 7 26 6 14 9 13 3 2
Promoters not identified 47 35 58 78 53 49 55 51 86
a The number of unique ORFs for each genome is based on the number cited in the original publication: AcMNPV (Ayres et al., 1994), BmNPV (Gomi
et al., 1999), OpMNPV (Ahrens et al., 1997), LdMNPV (Kuzio et al., 1999), SeMNPV (Ijkel et al., 1999), HaSNPV (Chen et al., 2001), PlxyGV (Hashimoto
et al., 2000), and XecnGV (Hayakawa et al., 1999).
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not conserved in all baculovirus genomes and we did not
include it as a separate common ORF. Clearly, as more
baculovirus genome sequences become available, the
number of common ORFs is likely to decrease; for ex-
ample Herniou et al. (2001) cited 63 common ORFs dif-
fering from our analysis due to the exclusion of ie0 and
p10 (absent in CpGV; Herniou et al., 2001) and our inclu-
sion of an iap homologue (MacoNPV ORF 139), all of
which appear in the Hayakawa et al. (2000) list of com-
mon baculovirus ORFs. An additional 17 ORFs (total 84
ORFs) from MacoNPV were common to only the seven
NPV genomes and a further 4 MacoNPV ORFs were
exclusive to the group II NPVs (Table 3). Ubiquitin was
the most conserved ORF identified among all nine bacu-
loviruses, with MacoNPV ubiquitin (MacoNPV ORF 152)
showing 76–94% identity with each of the other ubiquit-
ins. The most conserved ORF among the seven NPVs is
polyhedrin, with the MacoNPV sequence showing 82–
93% amino acid identity with polyhedrins in other NPVs.
There were 13 unique ORFs in MacoNPV that have no
homologues in other baculoviruses and did not ex-
hibit significant homology to any other sequences cur-
rently described in any database. Functional analysis of
these ORFs could provide further information on how
MacoNPV differs from other baculoviruses. In addition,
MacoNPV contains ORFs with homology to other bacu-
lovirus ORFs previously described as unique. For exam-
ple, MacoNPV ORFs 15 and 77 are homologues of the xe
FIG. 1. Circular map of MacoNPV isolate90/2 genome showing genomic organization. The HindIII REN sites are indicated and fragments labeled
alphabetically according to their size (Li et al., 1997). The map positions of the 169 identified ORFs are represented by arrows indicating transcriptional
direction and relative size. The numbers alongside the ORFs represent the MacoNPV ORF numbers (see Table 2). The hr sequences and their
positions on the genome are indicated by black boxes. The scale of the inner circle is given in map units.
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TABLE 2
Potentially Expressed ORFs in MacoNPV Isolate 90/2
ORF Name Left Dir Right aa Mr Prm
Homologous ORFs (% ID)
Ac Bm Op Ld Se Ha Plxy Xecn
1 polyhedrin 1 3 741 246 28888 L 8 (89) 1 (84) 3 (93) 1 (82) 1 (90) 1 (87) 4 (54) 1 (55)
2 orf1629 790 4 2190 466 51320 L 9 (22) 2 (22) 2 (22) 2 (25) 2 (40) 2 (30) 2 (26)
3 pk1 2189 3 3007 272 32171 10 (38) 3 (38) 1 (34) 3 (44) 3 (52) 3 (47) 6 (35) 3 (31)
4 hoar 3085 4 5253 722 80676 L 4 (31) 4 (23)
5 5704 3 6312 202 22857
6 odpv-6e 6400 3 7521 373 40232 L 148 (50) 124 (49) 146 (49) 14 (53) 6 (57) 15 (51) 16 (40) 15 (40)
7 me53 7674 4 8738 354 41760 139 (23) 116 (24) 137 (22) 23 (30) 7 (43) 16 (30) 120 (22) 180 (22)
8 9003 3 9206 67 7884 152 (44)
9 9368 3 11410 680 77907 E, L 23 (25) 14 (24) 21 (23) 130 (38) 8 (47) 133 (38) 26 (24) 27 (26)
10 11516 4 12475 319 35843 E
11 gp16 12518 4 12805 95 10823 L 130 (35) 107 (35) 128 (25) 9 (55) 119 (29)
12 p24 12826 4 13512 228 25687 L 129 (35) 106 (38) 127 (37) 10 (62) 118 (51) 53 (27) 80 (26)
13 13579 3 13887 102 11758 L 11 (42)
14 lef-2 13841 3 14476 211 24320 6 (40) 135 (39) 6 (41) 137 (38) 12 (55) 117 (48) 32 (30) 35 (26)
15a 14500 3 14916 138 16169
hr1 15044 16149
16 lef-7 16192 4 16710 172 20392 125 (25) 102 (27) 123 (32) 18 (35) 129 (37)
17 16774 4 17052 92 10749 E, L 79 (45) 65 (45) 82 (45) 75 (39)
18 17121 3 17720 199 23324 E
19 17879 3 18589 236 26721 E, L 151 (51)
20 18650 4 19177 175 19992 E 64 (77)
21 bro-a 19314 4 19799 161 19000 2 (22) 81 (38) 115 (28) 60 (48) 62 (40)
22 chitinase 20061 4 21749 562 62190 L 126 (67) 103 (68) 124 (65) 70 (65) 19 (78) 41 (63) 103 (60)
23 21679 3 21936 85 10085 L
24 bro-b 21938 3 23056 372 41895 E 2 (20) 22 (44) 146 (56) 60 (57) 109 (61)
25 23126 3 23551 141 16539 21 (40) 128 (39)
26 23655 3 24467 270 32462 E 57 (45)
27 24589 4 25224 211 21645 57 (23) 83 (32)
28 25332 3 26027 231 26888 E 98 (31)
29 26164 3 26496 110 12892 E 63 (44)
30 26606 4 27250 214 24764 E
31 bro-c 27481 3 28941 486 56669 2 (27) 22 (29) 71 (49) 60 (61) 60 (69)
32 he65 28982 4 30658 558 64983 E 105 (36) 89 (35) 61 (28) 67 (53)
33 cathepsin 30792 3 31805 337 37889 127 (54) 104 (53) 125 (53) 78 (55) 16 (84) 56 (48) 58 (47)
34 31802 4 32155 117 13296 L 124 (47) 15 (54)
35 lef-1 32186 3 32833 215 25154 E 14 (40) 6 (40) 13 (43) 123 (48) 14 (64) 124 (47) 55 (35) 82 (36)
36 38.7kd 32833 3 33885 350 40916 13 (28) 5 (27) 12 (24) 122 (29) 13 (53) 123 (32) 54 (29)
37 gp37 33940 3 34728 262 29924 L 64 (59) 52 (58) 69 (58) 68 (64) 25 (77) 58 (64) 107 (45)
38 ptp2 34685 4 35224 179 21169 L 9 (30) 26 (57)
39 egt 35328 3 36878 516 58956 E 15 (47) 7 (45) 14 (45) 125 (52) 27 (72) 126 (50) 118 (32)
40 37052 3 37585 177 20661 E 127 (27) 28 (45) 127 (22)
41 37585 3 38226 213 24467 E 17 (30) 9 (29) 16 (27) 128 (30) 29 (41) 128 (28)
42 38273 4 40819 848 99132 E 129 (29) 30 (42) 129 (25)
43 40877 3 41329 150 17082 E, L 145 (45) 126 (40) 142/110 (31/41) 30 (40) 68 (38) 83/12 (48/36) 12 (31) 20/105 (48/45)
44 41373 3 41894 173 20237 L 4 (23) 133 (23) 8 (26) 31 (27)
45 pkip 41917 3 42423 168 20275 L 24 (24) 15 (26) 110 (32) 32 (47) 130 (34)
46 42449 4 42790 113 12695 111 (27) 33 (48)
47 arif1 42796 4 43668 290 32237 21 (22) 12 (22) 19 (27) 118 (33) 34 (37) 131 (33)
48 43424 3 44683 419 47731 22 (60) 13 (60) 20 (58) 119 (63) 35 (70) 132 (67) 37 (48) 45 (51)
49 44698 3 46287 529 60698 119 (47) 97 (46) 119 (48) 155 (46) 36 (57) 111 (42) 7 (39) 84 (35)
50 46284 3 46529 81 9553 37 (45)
51 fgf 46563 4 47684 373 42315 L 32 (24) 24 (25) 27 (33) 156 (26) 38 (48) 113 (33) 56 (23)
52 47720 3 47914 64 7843
53 47917 3 48633 238 27312 L 40 (42)
54 alk-exo 48669 4 49856 395 45549 133 (38) 110 (37) 131 (38) 157 (47) 41 (45) 114 (40) 106 (37) 145 (39)
55 50157 4 50486 110 12383 L 19 (24) 11 (23) 159 (35) 42 (52)
56 50488 3 51657 389 46339 L 18 (24) 10 (25) 17 (21) 158 (25) 43 (59)
57 51692 4 52099 135 15846 L 44 (46) 122 (21)
58 rr2b 52171 3 53112 313 36555 120 (55) 45 (66) 18 (29)
59 53123 4 54139 338 38798 L 96 (42) 59 (31) 151 (28)
60 calyx/pep 54162 4 55127 321 36256 131 (33) 108 (37) 129 (33) 136 (47) 46 (67) 120 (42)
61 55258 4 55935 225 26547 64 (49)
62 56013 4 56354 113 13265 117 (58) 96 (54) 47 (51) 110 (39)
63 56306 4 56668 120 14014 109 (35)
64 56730 4 57395 221 26128 L
65 57418 4 58032 204 23592 E, L
66 sod 58088 4 58543 151 15928 31 (69) 23 (69) 29 (68) 145 (63) 48 (78) 106 (72) 47 (48) 68 (52)
67 58601 3 58957 118 13194 144 (27) 49 (24)
68 58975 3 59586 203 22229 L 115 (52) 95 (51) 115 (47) 143 (58) 50 (63) 98 (49) 29 (40) 32 (45)
69 59552 3 60028 158 18495 51 (37) 99 (22)
70 60077 3 61528 483 56796 L 141 (23) 52 (31) 100 (21)
71 61551 3 62201 216 25272 L 106 (53) 90 (53) 107 (52) 140 (60) 53 (73) 101 (52) 40 (49) 50 (44)
72 62234 4 63313 359 41295 E 33 (30) 31 (26) 138 (37) 54 (56)
hr2 63441 64643
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TABLE 2—Continued
ORF Name Left Dir Right aa Mr Prm
Homologous ORFs (% ID)
Ac Bm Op Ld Se Ha Plxy Xecn
73 64760 3 65233 157 18203 4 (27) 133 (27) 31 (23)
74 duptase 65293 3 65721 142 15710 L 31 (26) 116 (47) 55 (63)
75 bro-d 65829 3 66818 329 37340 L 2 (21) 81 (33) 146 (47) 60 (48) 159 (45)
76 p13-like 66855 3 67685 276 32254 L 56 (66) 97 (56) 36 (49) 43 (45)
77b 67749 3 68273 174 20468 E
78 odv-e66 68385 3 70403 672 76064 L 46 (39) 37 (40) 50 (42) 131 (59) 57/114 (45/33) 96 (58) 30 (39) 149 (54)
79 70400 4 70711 103 11848 L 108 (32) 91 (34) 108 (33) 108 (44) 58 (52) 95 (44)
80 70724 4 71794 356 41497 L 109 (41) 92 (41) 109 (40) 107 (46) 59 (75) 94 (50) 43 (32) 53 (33)
81 71778 4 71957 59 6957 110 (36) 92a (33) 111 (44) 106 (50) 60 (69) 93 (50) 41 (44) 51 (51)
82 vp80capsid 71954 4 73597 547 62423 104 (20) 88 (20) 105 (31) 105 (32) 61 (64) 92 (36)
83 73625 3 74758 377 43993 L 103 (51) 87 (50) 104 (44) 104 (55) 62 (76) 91 (58) 63 (39) 91 (39)
84 74745 3 75053 102 11470 E, L 103 (34) 63 (58) 90 (38)
85 75079 3 76176 365 41421 L 101 (42) 85 (41) 102 (37) 102 (47) 64 (66) 89 (50) 66 (25) 93 (21)
86 p6.9 76235 3 76465 76 9033 L 100 (54) 84 (52) 101 (53) 101 (46) 65 (67) 88 (55) 67 (51) 94 (52)
87 lef-5 76462 4 77283 273 32249 99 (57) 83 (57) 100 (50) 100 (54) 66 (74) 85 (50) 69 (50) 95 (44)
88 77182 3 78087 301 36024 98 (43) 82 (42) 99 (41) 99 (52) 67 (67) 86 (54) 70 (41) 96 (40)
89 enhancin 78123 3 80666 847 98190 E, L 65/160 (20/26)
90 bro-e 80671 4 81753 360 41526 E 2 (46) 131 (48) 116 (38) 153 (46) 105 (30) 114 (23)
91 81835 4 82263 142 16960 E
92 82297 4 82815 172 19620 L 96 (55) 79 (58) 97 (50) 98 (68) 69 (74) 85 (66) 71 (39) 97 (36)
93 helicase 82772 3 86410 1212 121758 L 95 (41) 78 (42) 96 (37) 97 (48) 70 (72) 84 (49) 72 (30) 98 (30)
94 odv e-25 86507 4 87157 216 24211 L 94 (44) 77 (44) 95 (35) 96 (69) 71 (79) 82 (66) 74 (47) 99 (47)
95 87154 4 87639 161 18585 E, L 93 (50) 76 (50) 94 (46) 95 (69) 72 (74) 81 (69) 75 (33) 100 (35)
96 87638 3 88396 252 30091 92 (50) 75 (50) 93 (47) 94 (52) 73 (76) 80 (56) 76 (34) 101 (38)
97 88506 3 89012 168 19396 E, L
98 lef-4 89049 4 90413 454 52929 L 90 (45) 73 (45) 91 (39) 93 (43) 74 (60) 79 (47) 78 (33) 110 (34)
99 vp39capsid 90412 3 91389 325 36389 L 89 (38) 72 (38) 90 (42) 92 (52) 75 (55) 78 (48) 79 (33) 111 (31)
100 cg30 91460 3 92299 279 32585 E 88 (24) 71 (23) 89 (27) 76 (32) 77 (24)
101 vp91 capsid 92362 4 94791 809 91341 L 83 (38) 69 (37) 86 (39) 91 (42) 77 (52) 76 (43) 84 (26) 118 (28)
102 94760 3 95347 195 21475 L 82 (32) 68 (36) 85 (23) 90 (37) 78 (61) 75 (72) 85 (32) 119 (34)
103 95178 3 95699 173 19646 L 81 (48) 67 (49) 84 (44) 89 (49) 79 (58) 74 (58) 86 (43) 120 (45)
104 gp41 95862 3 96863 333 37414 L 80 (56) 66 (56) 83 (41) 88 (57) 80 (78) 73 (55) 87 (30) 121 (35)
105 96860 3 97063 67 7236 L 78 (66) 64 (66) 81 (66) 87 (35) 81 (62) 72 (62) 88 (45) 122 (48)
106 vlf1 97207 3 98349 380 44591 L 77 (67) 63 (67) 80 (64) 86 (67) 82 (94) 71 (67) 89 (30) 123 (28)
107 ctl 98346 4 98498 50 5383 L 3 (49) 30/136 (67/50) 66/149 (66/50) 127 (67)
108 98568 4 99662 364 43105 E 34 (23)
109 p26 99788 4 100522 244 28100 E 136 (30) 113 (30) 132 (30) 40 (32) 87/129 (64/27) 22 (26)
110 iap-2 100571 4 101329 252 28745 71 (32) 58 (32) 74 (30) 79 (38) 88 (54) 62 (43)
111 101274 4 102101 275 31698 E 69 (46) 57 (46) 89 (64) 63 (48)
112 102085 4 102450 121 14033 68 (46) 56 (45) 73 (45) 80 (48) 90 (68) 64 (56) 96 (34) 135 (45)
113 lef-3 102449 3 103606 385 44567 67 (24) 55 (25) 72 (24) 81 (29) 91 (46) 65 (29)
114 103641 4 105863 740 84176 L 66 (23) 54 (23) 71 (33) 82 (29) 92 (29) 66 (30) 94 (30) 133 (36)
115 DNA pol 105862 3 108858 998 115405 65 (44) 53 (43) 70 (41) 83 (53) 93 (69) 67 (58) 93 (37) 132 (37)
116 108898 4 109287 129 15322 L 75 (25) 61 (26) 78 (26) 84 (49) 94 (79) 69 (40)
117 109298 4 109555 85 9885 L 76 (41) 62 (40) 79 (38) 85 (73) 95 (83) 70 (70) 91 (43) 125 (34)
118 109647 3 110396 249 28408 E, L 150 (43) 126 (45) 96 (40) 151 (42)
119 110388 4 110933 181 19801 57 (35) 83 (28)
120 110959 3 111429 156 18404 L
121 111484 3 112131 215 25402 65 (26) 169 (31)
122 bro-f 112172 4 113245 357 41532 2 (42) 13 (41) 116 (34) 153 (41) 13 (23) 59 (30) 114 (27)
123 bro-g 113299 4 114006 235 27477 2 (35) 80 (33) 115 (35) 13 (26) 59 (25) 130 (28)
124 lef-9 114085 4 115602 505 58060 62 (63) 50 (64) 65 (63) 64 (70) 97 (84) 55 (70) 99 (53) 139 (53)
125 fp 115656 3 116243 195 22640 L 61 (62) 49 (62) 64 (59) 63 (58) 98 (87) 53 (70) 100 (40) 140 (33)
126 p94 116385 3 118844 819 95393 E, L 134 (41) 99 (26) 21 (35)
127 bro-h 118865 3 119404 179 20810 81 (49) 32 (53) 60 (52) 159 (52)
128 119436 3 119708 90 10617 L 60 (51) 48 (51) 63 (52) 62 (51) 100 (70) 52 (57) 102 (29)
129 119686 3 120186 166 19066 59 (49) 47 (53) 62 (55) 61 (61) 101 (82) 51 (60)
130 120179 4 120658 159 18475 L 57 (37) 46 (38) 61 (36) 60 (42) 102 (62) 50 (38)
131 120908 4 121177 89 10275 L 56 (42) 45 (42) 60 (46) 103 (51) 49 (55)
132 121119 4 121334 71 8362 55 (40) 44 (36) 59 (38) 58 (40) 104 (57) 48 (47)
133 vp1054 121448 4 122458 336 39081 L 54 (39) 43 (39) 58 (38) 57 (55) 105 (65) 47 (53) 115 (30) 175 (35)
134 lef-10 122319 4 122546 75 8081 L 53a (52) 42a (52) 57 (33) 56 (48) 106 (64) 46 (51) 174 (28)
135 122506 3 122733 75 8852 L 45 (37)
136 122747 3 123682 311 36038 L 55 (23) 107 (40) 44 (32)
137 123686 4 124159 157 18617 L 53 (47) 42 (49) 56 (51) 54 (56) 108 (65) 43 (59) 112 (21) 171 (27)
138 124158 3 124658 166 20019 52 (22) 41 (27) 53 (38) 109 (40) 42 (28)
hr3 124697 125478
139 iap-3 125687 3 126517 276 31417 L 27 (29) 18 (29) 35 (42) 139 (35) 110 (40) 103 (33) 98 (25) 137 (23)
140 126566 4 127732 388 44553 L 40 (21) 111 (32) 39 (30)
141 lef-8 127753 3 130389 878 101434 50 (60) 39 (60) 54 (53) 51 (62) 112 (72) 38 (68) 109 (54) 148 (50)
142 130408 4 130866 152 17593
143 130911 4 131111 66 8077 43 (33) 34 (30) 48 (28) 113 (60) 37 (26)
144 odv e-66 131170 4 133170 666 75360 L 46 (27) 37 (27) 50 (25) 131 (36) 114/57 (46/35) 96 (35) 30 (27) 149 (35)
145 p47 133218 3 134411 397 46607 40 (55) 31 (54) 45 (51) 48 (62) 115 (74) 35 (57) 51 (45) 78 (45)
146 134425 4 135474 349 39950
hr4 135589 136741
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protein of Leucania separata NPV (LeseNPV), showing
35 and 89% identity at the amino acid level, respectively
(Jin et al., 1997). Similarly, MacoNPV ORF 8 showed
44% identity to AcMNPV ORF 152 (Ayres et al., 1994),
MacoNPV ORF 28 showed 31% identity to OpMNPV ORF
98 (Ahrens et al., 1997), and MacoNPV ORF 161 showed
32% identity to LdMNPV ORF 26 and HearSNPV ORF 19
(Kuzio et al., 1999; Chen et al., 2001).
MacoNPV displayed the highest gene sequence iden-
tity and gene arrangement similarity with SeMNPV, with
130 homologous ORFs shared between the two viruses
(93.5% of total ORFs in SeMNPV and 76.9% of total ORFs
in MacoNPV). Three ORFs previously considered unique
to SeMNPV have homologues in MacoNPV, including
ORFs 53, 147, and 151 of MacoNPV (ORFs 40, 116/117,
and 122 in SeMNPV, respectively), with 42, 25/24, and
37% amino acid sequence identity, respectively. There
are a number of other features common to both
MacoNPV and SeMNPV, including the absence of gp64
and ie2 and the presence of two copies of odv-e66 (Table
2). In addition, two copies of p26 (ORFs 109 and 158)
were found in the MacoNPV genome, as is the case for
SeMNPV (ORF 87 and ORF 129). Both MacoNPV ORFs 109
and 158 showed low homology to AcMNPV (30 and 33%
identities) and LdMNPV (30 and 29% identities) p26
genes. MacoNPV ORF 109 showed 64% identity to Se87,
but only 27% identity to Se129, while MacoNPV ORF 158
showed 61% identity to Se129, but only 25% identity to
Se87. Thus it is likely that the two copies of p26 were
acquired independently from different sources as has
been suggested for SeMNPV (Ijkel et al., 1999). The
function of p26 is unknown but it may have the same
basic role in all baculoviruses as it is conserved among
all baculovirus genomes sequenced to date. MacoNPV
ORF 109 contains a consensus early promoter while
MacoNPV ORF 158 has a late promoter; in AcMNPV, a
single p26 gene is expressed both early and late in
infection by host RNA polymerase II on cognate early
and late promoters (Huh and Weaver, 1990). It is possible
that p26 is required both early and late in infection and
the two copies of p26 in MacoNPV, each having different
temporal promoters, fulfill this function.
Ninety-two of the 169 putative genes from MacoNPV
have homologues in XecnGV (Table 2). Of these, 4 ORFs
are found only in these two viruses, they are MacoNPV
ORFs 19, 20, 26, and 29 and XecnGV ORFs 151, 64, 57,
and 63, respectively. Interestingly, bro genes were found
adjacent to or bracketing each of the “unique” XecnGV
homologues. For example, the MacoNPV bro-a gene is
adjacent to ORFs 19 and 20 and a gene cluster consist-
ing of MacoNPV ORFs 25, 26, 27, 28, 29, and 30 was
located between bro-b and bro-c.
TABLE 2—Continued
ORF Name Left Dir Right aa Mr Prm
Homologous ORFs (% ID)
Ac Bm Op Ld Se Ha Plxy Xecn
147 136817 3 137398 193 22631 E 116/117 (24/25)
148 137460 3 138152 230 27440 E, L 38 (63) 29 (61) 22 (59) 46 (67) 118 (83) 33 (66) 52 (41) 79 (42)
149 lef-11 138089 3 138451 120 13997 37 (38) 28 (36) 23 (35) 45 (46) 119 (61) 32 (43) 46 (32) 56 (35)
150 39k/pp31 138420 3 139283 287 33101 L 36 (31) 27 (29) 24 (28) 44 (36) 120 (41) 31 (28) 55 (31)
151 139338 4 139535 65 7170 122 (37)
152 ubiquitin 139462 4 139764 100 11408 L 35 (77) 26 (77) 25 (80) 43 (78) 123 (94) 28 (77) 42 (76) 52 (77)
153 139820 3 140365 181 21348 L 34 (31) 25 (32) 26 (37) 42 (42) 124 (55) 27 (44)
154 140708 4 141067 119 13420 L 26 (35) 17 (37) 42 (33) 36 (34) 125 (52) 26 (32)
155 dbp 141147 3 142133 328 37710 25 (24) 16 (24) 43 (26) 47 (37) 126 (47) 25 (41) 61 (24) 89 (24)
156 lef6 142139 3 142570 143 16772 L 28 (40) 19 (27) 40 (30) 38 (47) 127 (52) 24 (40)
157 142621 4 142866 81 9890 E 29 (41) 20 (36) 20 (37) 39 (52) 128 (69) 23 (55) 17 (25)
158 p26 142982 3 143785 267 29905 L 136 (33) 113 (31) 132 (31) 40 (31) 129 (64) 22 (46)
159 p10 143821 3 144078 85 9398 L 137 (35) 114 (35) 133 (30) 41 (50) 130 (59) 21 (43) 2 (30) 5/83 (42/29)
160 p74 144165 4 146138 657 75244 L 138 (52) 115 (53) 134 (51) 27 (52) 131 (63) 20 (55) 49 (43) 77 (38)
161 146218 3 146475 85 10110 L 26 (32) 19 (32)
162 iel 146746 4 148326 526 61013 E 147 (31) 123 (31) 145 (30) 15 (32) 132 (39) 14 (30)
163 148368 3 148943 191 21270 L 146 (32) 122 (32) 144 (35) 16 (37) 133 (53) 13 (31) 10 (27)
164 149003 4 149281 92 10744 L 145 (44) 121 (46) 142 (48) 17 (36) 134 (60) 12 (46) 12 (36) 11 (39)
165 odv-ec27 149283 4 150119 278 32369 L 144 (52) 120 (52) 141 (45) 18 (59) 135 (85) 11 (61) 20 (28) 112 (27)
166 odv-e18 150158 4 150409 83 8830 L 143 (56) 119 (38) 140 (41) 19 (61) 136 (67) 10 (56) 13 (55) 12 (45)
167 150411 4 151796 461 54527 L 142 (56) 118 (49) 139 (49) 20 (52) 137 (74) 9 (56) 14 (34) 13 (36)
168 ie0 151814 4 152518 234 27232 E, L 141 (31) 117 (31) 138 (28) 21 (41) 138 (63) 8 (41)
169 rr1 152666 4 154951 761 86488 32 (22) 148 (21) 139 (50)
Note. Putative MacoNPV ORFs are listed in column 1 along with the gene homologue designate in column 2. Columns 3 and 5 indicate ORF
location on MacoNPV genome, and column 4 indicates the transcriptional direction. The number of amino acids and the predicted protein molecular
mass are listed in columns 6 and 7. Column 8 indicates the presence of early (E) and/or late (L) promoters located within 160 bp upstream of the start
codon of each ORF. E indicates a TATA sequence with a CAGT or CATT mRNA start site sequence 25–35 nucleotides downstream. L indicates the
presence of a DTAAG consensus sequence. Columns 9–16 list the homologue ORF and % aa identity in parentheses from AcMNPV, BmNPV, OpMNPV,
LdMNPV, SeMNPV, HaSNPV, PlxyGV, and XecnGV, respectively.
a (MacoNPV ORF 15) and b (MacoNPV ORF 77) are both homologues to xe protein in LeseNPV with 35 and 89% aa identity, respectively (Jin et al.,
1997).
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Homologous regions
Variable numbers of hr sequences, composed of direct
repeats which contain a “core” imperfect palindrome
(Kool et al., 1995), have been located in all baculovirus
genomes sequenced thus far, ranging from 4 in PlxyGV
(Hashimoto et al., 2000) to 13 in LdMNPV (Kuzio et al.,
1999) (Table 1). In NPVs, hrs have been shown to act as
enhancers of RNA polymerase II-mediated transcription
of baculovirus early promoters (Guarino and Summers,
1986; Theilmann and Stewart, 1992), as well as function-
ing as origins of DNA replication in transient replication
assays (Ahrens et al., 1995; Kool et al., 1995; Pearson et
al., 1992; Pearson and Rohrmann, 1995). We located four
hrs in the MacoNPV genome, designated hr1, hr2, hr3,
and hr4, using DotPlot Analysis (DNASTAR) (Table 2 and
Fig. 1). The hrs are distributed around the MacoNPV
genome with 48, 61, 11, and 35 kb separating hrs 1, 2, 3,
and 4, respectively. The hrs contain 10 to 17 direct re-
peats 43 to 80 bp in length with variable lengths of
intervening sequence between the repeats (Fig. 2A).
Each hr repeat sequence comprises two apparent do-
mains designated A and B. Domain A contains a core
imperfect palindrome of approximately 43 bp with se-
quence conservation of 90–100%. Domain B is approxi-
mately 30 bp but is much more variable in sequence than
domain A, with sequence conservation ranging from 50
to 100%. A sequence alignment of the consensus se-
quences of domain A and domain B for each hr is shown
in Fig. 2B. No homology between the MacoNPV hr and
other baculovirus hr sequences was observed.
Baculovirus repeated ORFs (bro genes)
Eight baculovirus repeat ORFs were identified in
MacoNPV and these were designated bro-a to bro-h (i.e.,
ORF 21 as bro-a, ORF 24 as bro-b, etc.), based on their
order on the genome (Table 2 and Fig. 1). The bro genes,
TABLE 3
Commonalities of Baculovirus Genome Content
ORFs common to all nine baculoviruses (total 66 ORFs)
polyhedrin (Maco1/Ac8) Maco80 (Ac109) Maco103 (Ac81) Maco148 (Ac38)
pk1 (Maco3/Ac10) Maco81 (Ac110) gp41 (Maco104/Ac80) lef-11 (Maco149/Ac37)
odvp-6e (Maco6/Ac148) Maco83 (Ac103) Maco105 (Ac78) 39k/pp31 (Maco150/Ac36)a
me53 (Maco7/Ac139) Maco84 (Ac102)a vlf1 (Maco106/Ac77) ubiquitin (Maco152/Ac35)
Maco9 (Ac23) Maco85 (Ac101) Maco112 (Ac68) dbp (Maco155/Ac25)
lef-2 (Maco14/Ac6) p6.9 (Maco86/Ac100) lef-3 (Maco113/Ac67)a lef-6 (Maco156/Ac28)a
lef-1 (Maco35/Ac14) lef-5 (Maco87/Ac99) Maco114 (Ac66) Maco157 (Ac29)
38.7kd (Maco36/Ac13)a Maco88 (Ac98) DNApol (Maco115/Ac65) p10 (Maco159/Ac137)
Maco43/164 (Ac145) Maco92 (Ac96) Maco116 (Ac75)a p74 (Maco160/Ac138)
Maco48 (Ac22) helicase (Maco93/Ac95) Maco117 (Ac76) ie1 (Maco162/Ac147)a
Maco49 (Ac119) odv-e25 (Maco94/Ac94) lef-9 (Maco124/Ac62) Maco163 (Ac146)a
fgf (Maco51/Ac32)a Maco95 (Ac93) fp (Maco125/Ac61) odv-ec27 (Maco165/Ac144)
alk-exo (Maco54/Ac133) Maco96 (Ac92) vp1054 (Maco133/Ac54) odv-e18 (Maco166/Ac143)
sod (Maco66/Ac31) lef-4 (Maco98/Ac90) Maco137 (Ac53) Maco167 (Ac142)
Maco68 (Ac115) vp39capsid (Maco99/Ac89) iap (Maco139/110/Ac27/71) ie0 (Maco168/Ac141)a
Maco71 (Ac106) vp91capsid (Maco101/Ac83) lef-8 (Maco141/Ac50)
odv-e66 (Maco78/143/Ac46) Maco102 (Ac82) p47 (Maco145/Ac40)
Additional ORFs common to all seven nucleopolyhedroviruses (total 17 ORFs)
chitinase (Maco22/Ac126) arif1 (Maco47/Ac21) p26 (Maco109/157/Ac136) Maco153 (Ac34)
cathepsin (Maco33/1Ac127) Maco55 (Ac19) Maco129 (Ac59) Maco154 (Ac26)
Maco41 (Ac17) calyx/pep (Maco60/Ac131) Maco130 (Ac57)
gp37 (Maco37/Ac64) Maco79 (Ac108) Maco132 (Ac55)
egt (Maco39/Ac15) vp80capsid (Maco82/Ac104) lef-10 (Maco134/Ac53a)
Additional ORFs common to group II nucleopolyhedroviruses (total 4 ORFs)
Maco40 (Ld127/Se28) Maco42 (Ld129/Se30) Maco70 (Ld141/Se52) Maco136 (Ld55/Se107)
MacoNPV unique ORFs (total 13 ORFs) Others
Maco ORF 5, ORF 10, ORF 18, ORF 23, ORF 30, ORF 52; ORF 64, ORF 65,
ORF 91, ORF 97, ORF 120, ORF 142, ORF 146
MacoORF 15 (Ls xe), ORF 28 (Op98), ORF 77 (Ls89)
a These ORFs were defined as common to previously sequenced baculoviruses by Hayakawa et al. (2000); however, due to the low identities, one
or more baculovirus homologues were not found in our BLAST search using the corresponding MacoNPV ORF.
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which show sequence similarity to AcMNPV ORF 2 (Ay-
res et al., 1994), have been identified in a number of
baculoviruses, including LdMNPV—16 bro genes (Kuzio
et al., 1999), BmNPV—5 bro genes (Gomi et al., 1999;
Kang et al., 1999), OpMNPV—3 bro genes (Ahrens et al.,
1997), HearSNPV—3 bro genes (Chen et al., 2001), and
XecnGV—7 bro genes (Hayakawa et al., 2000). In con-
trast, no bro ORFs were identified in the genomes of
SeMNPV and PlxyGV (Ijkel et al., 1999; Hashimoto et al.,
2000). The MacoNPV BRO proteins were classified into
four groups based on their homology to the 41-amino-
acid core domain sequences used for LdMNPV BRO
protein classification (Kuzio et al., 1999) (Fig. 3A). Subse-
quent “related domain alignment” using MACAW was
done to compare MacoNPV BRO proteins with represen-
tative BRO proteins from LdMNPV, BmNPV, and AcMNPV
(Fig. 3B). Group I bro genes include MacoNPV bro-e, -f,
-g, and -a genes, which have structural homology to
LdMNPV bro-n, BmNPV bro-d, and AcMNPV ORF 2 (Ku-
zio et al., 1999). Group II bro genes (MacoNPV bro-b and
-d) as well as the group III bro gene (MacoNPV bro-c)
were classified based on their relative structural similar-
ity to group II and III bro gene families of LdMNPV (Kuzio
et al., 1999). MacoNPV bro-h was assigned to the group
IV bro gene family because although it had conserved
domains in common with the group I bro gene family in
its C-terminal end, it lacked the major conserved 41-
amino-acid domain found in groups I to III (Fig. 3). Inter-
estingly, while no bro genes were identified in SeMNPV,
the MacoNPV bro-g gene (ORF 123) was identified as
FIG. 2. MacoNPV homologous regions. (A) Organization of repeats in each hr,  represents domain A (the core palindrome), t represents domain
B (flanking repeat sequence), and  represents interdomain sequences. The arrows indicate the orientations of the repeats. (B) Sequence alignment
of domain A (core palindrome) and domain B (flanking repeat sequence). A deduced consensus sequence of domains A and B from each hr was used
for this alignment. Conserved sequences are indicated with different shading: black indicates 100% conservation, gray 70% conservation, and no
shading 70% conservation.
113MacoNPV GENOME SEQUENCE
having a significant region (including the 41-amino-acid
core domain) of homology with SeMNPV ORF 13 in a
BLAST homology search (Table 2).
A conserved single-stranded DNA (ssDNA) binding
motif is commonly found at the N-terminus of BRO pro-
teins (Zemskov et al., 2000). However, in several BRO
proteins from LdMNPV and XecnGV, this motif is located
in the central or C-terminal region. The MacoNPV BRO
proteins were compared to representative bro genes
from BmNPV, LdMNPV, and AcMNPV with respect to the
conserved ssDNA binding motif. MacoNPV BRO-B, -C,
-D, -E, -F, and -G contained the conserved ssDNA bind-
ing motif at their N-terminal ends, whereas in BRO-A and
BRO-H this motif was located at the C-terminus. BmNPV
BRO proteins showed nucleic acid binding activities and
have been demonstrated to be involved in nucleoprotein
complexes in the nuclei of infected cells (Zemskov et al.,
2000). These authors speculated that BRO proteins might
FIG. 3. Categorization of baculovirus repeated ORFs (bro’s). (A) Alignment of 41-amino-acid core domain of MacoNPV BROs with representative
BROs from AcMNPV, BmNPV, and LdMNPV. (B) AcMNPV, BmNPV, LdMNPV, and MacoNPV BRO alignments were carried out using the program
MACAW with guidance from Gap BLAST pairwise alignments. The polypeptide sequences are represented as a series of rectangles corresponding
to blocks with high sequence similarity (P  108) between BROs. The core region, with the most sequence conservation across the dataset is
shaded dark red, while the core flanking region containing fewer sequences across the dataset of the various bro genes is shaded light red and other
regions which occur in fewer bro genes are shaded with progressively lighter colors. The numbers on the right are the predicted numbers of amino
acids in each BRO.
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be involved in blocking cellular replication and/or tran-
scription, participating in the nuclear export of mRNA,
protecting other viral proteins from degradation, and in-
creasing the efficiency of the infection.
While the MacoNPV bro genes do not occur in clusters
near hrs as described for LdMNPV, their location in the
MacoNPV genome displays some interesting trends. The
MacoNPV bro genes flank regions of the genome in
which novel genes occur or the gene order displays
inversions and insertions or transcriptional directions
are inverted in comparison to other baculoviruses includ-
ing SeMNPV. For example, MacoNPV bro genes a, b, and
c are located in the region including the one major
inversion of MacoNPV ORF orientation (ORFs 16–36) with
respect to the SeMNPV genome (ORFs 21 to 13) (see Fig.
4C). The high degree of conservation between AcMNPV
bro (ORF 2), BmNPV bro-d, and LdMNPV bro-n is striking,
and in LdMNPV one of the clusters of bro genes is
associated with an area of intensive recombination (Ku-
zio et al., 1999).
Genes associated with virion structure
The 15 structural protein genes that were identified as
conserved in all baculoviruses sequenced previously
(Hayakawa et al., 2000) are also found in MacoNPV.
These structural protein genes include those coding for
capsid-associated protein genes vp39 (ORF 99), vp91
(ORF 101), and odv-ec27 (ORF 165); basic DNA binding
protein gene p6.9 (ORF 86); ODV envelope protein genes
odv-e18 (ORF 166), odv-e25 (ORF 94), odvp-6e (ORF 6),
and odv-e66 (ORFs 78 and 144); ODV-associated protein
genes tegument protein gp41 (ORF 104) and p74 (ORF
160); genes for proteins associated with the occlusion
body, polyhedrin (ORF 1) and p10 (ORF 159); as well as
vp1054 (ORF 133) and pk-1 (ORF 3). The final conserved
structural gene listed by Hayakawa et al. (2000) is the
Ld130 homologue (MacoNPV ORF 9), which has been
proposed to be the primordial baculovirus membrane
fusion protein. The Ld130 gene encodes a trans-mem-
brane receptor-like protein that has membrane fusion
FIG. 4. Gene parity plots of MacoNPV versus AcMNPV (A), LdMNPV (B), SeMNPV (C), and XecnGV (D). Homologous ORFs from the two genomes
being compared were plotted based on their relative position on each genome using the method of Hu et al. (1998). The graphic representations
display estimates of the collinearity of gene arrangement on two baculovirus genomes.
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functionality similar to that of gp64 (Pearson et al., 2000)
and a similar envelope fusion protein has been demon-
strated in SeMNPV (SeMNPV ORF 8) (Ijkel et al., 2000).
MacoNPV (ORF 9) showed 38 and 47% identity with
LdMNPV ORF 130 and SeMNPV ORF 8, respectively, and
retains the profile of a trans-membrane protein (Table 2).
In group I NPVs the gp64 gene product appears to be the
host cell receptor binding and membrane fusion protein
(Hefferon et al., 1999) and is required for efficient cell-to-
cell transmission of AcMNPV infection (Monsma et al.,
1996). As previously described for group II NPVs includ-
ing LdMNPV and SeMNPV (Kuzio et al., 1999; Ijkel et al.,
1999), as well as the GVs (XecnGV and PlxyGV) (Hay-
akawa et al., 1999; Hashimoto et al., 2000), a gp64 ho-
mologue was not found in MacoNPV.
The structural proteins common to NPVs (Hayakawa
et al., 2000) were polyhedral envelope or calyx protein
(MacoNPV ORF 60), vp80/87-capsid (MacoNPV ORF 82),
and gp37 or spindle-like protein (MacoNPV ORF 37).
Homologues of AcMNPV ORF 1629 (ORF 2), p24 (ORF
12), protein tyrosine phosphatase or ptp2 (ORF 38), and
enhancin (ORF 89) were also found in MacoNPV. Inter-
estingly, there were two copies of odv-e66 in MacoNPV,
as in SeMNPV (Ijkel et al., 1999). The first copy, MacoNPV
ORF 78, showed 95% identity to LeseNPV odv-e66, 60%
to LdMNPV odv-e66, and 46 and 34% to ORF 57 and ORF
114 of SeMNPV odv-e66, respectively. The second copy
of odv-e66 (MacoNPV ORF 144) showed only 37% identity
to LeseNPV odv-e66, 36% to LdMNPV odv-e66, and 35
and 46% to ORF 57 and ORF 114 of SeMNPV odv-e66,
respectively. Despite lower homology to the SeMNPV
odv-e66 ORFs, the positions of the two copies of
MacoNPV odv-e66 genes in relation to nearby ORFs
were the same as in SeMNPV. It is probable that the two
copies of the odv-e66 gene were acquired independently
and MacoNPV ORF 78 originated from a source that was
more closely related to LeseNPV and LdMNPV than to
the MacoNPV ORF 144 copy of odv-e66. This is similar to
the observation made for the two copies of odv-e66 in
SeMNPV (Ijkel et al., 1999). However, unlike the SeMNPV
odv-e66 genes, only a single late and no early baculovi-
rus consensus promoter was found with each of the
MacoNPV genes.
Genes involved in baculovirus DNA replication
An approach similar to that used in the identification of
herpes simplex virus 1 replication genes was used to
identify AcMNPV genes involved in DNA replication (Kool
et al., 1994; Lu and Miller, 1995). Five genes were iden-
tified as essential for transient baculovirus DNA replica-
tion and each of these was also found on the MacoNPV
genome, including helicase (MacoNPV ORF 93), lef-1
(MacoNPV ORF 35), lef-2 (MacoNPV ORF 14), lef-3
(MacoNPV ORF 113), and ie1 (MacoNPV ORF 162). The
MacoNPV homologues of these replication genes were
moderately conserved (30–50% identity) compared to
AcMNPV and LdMNPV, but were more highly conserved
in comparison to the SeMNPV homologues (39–72%). In
contrast to the essential genes, only two of the five
stimulatory genes involved in AcMNPV DNA replication
(Lu et al., 1997) were found in MacoNPV, including DNA
polymerase (dnapol) (MacoNPV ORF 115) and lef-7
(MacoNPV ORF 16). Homologues of other replication-
stimulatory genes, including p35, ie2, or pe38, were not
detected in MacoNPV, which, interestingly, is also the
case for LdMNPV and SeMNPV (Kuzio et al., 1999; Ijkel et
al., 1999). In addition, p35, ie2, pe38, and lef-7 were not
essential for BmNPV replication based on results from
functional deletion experiments (Gomi et al., 1997).
Two genes which may be involved in processing ma-
ture genomes, alkaline nuclease (MacoNPV ORF 54) and
very late gene expression factor (vlf-1) (MacoNPV ORF
106), are conserved in all baculoviruses (Hayakawa et
al., 2000), including MacoNPV. Two other conserved
genes that may play a role in DNA replication are the
DNA binding proteins dbp and p6.9, both of which are
found in MacoNPV, ORFs 155 and 86, respectively.
Genes involved in nucleotide metabolism
To allow for virus replication in nondividing cells in
which the dNTP synthesis pathways are inactive, DNA
viruses typically encode enzymes that convert host cell
rNTPs into dNTPs for use in viral DNA synthesis. The first
enzyme in this pathway is ribonucleotide reductase (rr),
which catalyzes the reduction of rNDPs to dNDPs. The
large (rr1) and small (rr2) subunits of ribonucleotide re-
ductase were identified in MacoNPV. The rr1 gene (ORF
169) showed 52% identity to SeMNPV rr1 (van Strien et
al., 1997). Part of the predicted polypeptide showed 93%
identity (194 of 207 aa) to an unknown protein in MbNPV
(Cameron and Possee, 1989) and 79% identity (161 of 203
aa) to p25 of LeseNPV (Jin et al., NCBI database). rr1 was
also conserved (55% identity) with respect to other
eukaryote rr1 genes, including rr1 of Drosophila melano-
gaster, Mus musculus, and Homo sapiens (Wang et al.,
1997). However, MacoNPV rr1 is more distantly related to
LdMNPV and OpMNPV rr1, with only 21 and 22% identity.
The rr2 (MacoNPV ORF 58) gene product showed 66 and
55% identity to rr2 of SeMNPV and rr2b of LdMNPV,
respectively, but did not show significant homology to
rr2a of LdMNPV or rr2 of OpMNPV. The MacoNPV rr2 had
approximately 55% identity to rr small subunit proteins in
other eukaryotic organisms (Huang and Elledge, 1997). It
is probable that the MacoNPV rr1 and rr2 genes, as well
as rr2 and rr2b of LdMNPV and SeMNPV rr1, have been
acquired from sources more closely related to eukaryote
than to prokaryote homologues in contrast to OpMNPV
(ORFs 32 and 34) and LdMNPV (ORFs 147 and 148) rr
subunit genes (Kuzio et al., 1999; Ijkel et al., 1999).
The enzyme dUTPase converts dUTP to dUMP, which
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serves as a precursor to dTTP for incorporation into viral
DNA. A dUTPase gene was identified in MacoNPV (ORF
74) and showed 63 and 47% identities to those of
SeMNPV and LdMNPV, respectively, but only 26% identity
to dUTPase of OpMNPV.
Genes regulating gene expression
The regulation of gene expression in baculoviruses
occurs in a temporal cascade that can be divided into
early, late, and very late phases controlled by early
and/or late transcriptional activators (Lu et al., 1997).
Early gene transcriptional activators, including ie-0, ie-1,
and me35, have been found to be poorly conserved
among baculoviruses (35% identity) (Ijkel et al., 1999).
Similarly, compared with AcMNPV genes, early transcrip-
tional activators identified in MacoNPV, including ie-0
(ORF 168), ie-1 (ORF 162), and me35 (ORF 7), are poorly
conserved, with only 31, 31, and 24% identities, respec-
tively. However, compared with SeMNPV, ie-0 was highly
conserved, with 60% identity, whereas ie-1 and me35
showed 40 and 44% identities, respectively.
Ten genes were previously identified as being re-
quired for maximal late gene expression in AcMNPV (Lu
and Miller, 1995); of these, 9 were present in MacoNPV,
including lef-4 (ORF 98), -5 (ORF 87), -6 (ORF 156), -8 (ORF
141), -9 (ORF 124), -10 (ORF 134), and -11 (ORF 149) along
with 39k (ORF 150) and p47 (ORF 145). No lef-12 homo-
logue was found in MacoNPV. The lef-4, lef-8, lef-9, and
p47 genes are typically more highly conserved among
baculoviruses (Ijkel et al., 1999). In MacoNPV, these gene
products showed relatively higher predicted amino acid
identity to AcMNPV and SeMNPV than the early trans-
activators; for example, lef-4 (ORF 96) had 45 and 60%
identity to AcMNPV and SeMNPV lef-4, respectively. Sim-
ilar levels of identity to AcMNPV and SeMNPV genes
were detected for lef-8 (ORF 141, 60 and 72%), lef-9 (ORF
124, 63 and 84%), and p47 (ORF 145, 55 and 74%). Inter-
estingly, these four genes, lef-4, lef-8, lef-9, and p47, form
a minimal complex for late gene transcription (Guarino et
al., 1998). Other genes involved in late gene expression
showed lower sequence conservation. For example, 39k/
pp31 (MacoNPV ORF 150) showed only 32 and 41%
identity to AcMNPV ORF 36 and SeMNPV ORF 120,
respectively.
Two other genes conserved among baculoviruses,
vlf-1 and pk1 (Hayakawa et al., 2000), are important in
regulating very late gene expression (Yang and Miller,
1998; Fan et al., 1996). The MacoNPV vlf-1 gene putative
product shows a high degree of sequence conservation
across the NPVs (64 to 94%) but less so with GVs (20–
28%) (Table 2). The pk-1 gene (ORF 3) has much lower
sequence conservation (22–40%). Similarly, the cg30 ho-
mologue (MacoNPV ORF 100) that contains a zinc finger,
a leucine zipper, and two nucleotide binding domains
and is presumed to be a candidate regulator of late gene
expression is poorly conserved, with only 19 and 20%
identities to AcMNPV ORF 88 and SeMNPV ORF 76,
respectively (Ijkel et al., 1999; Thiem and Miller, 1989).
Inhibitors of apoptosis
Two families of apoptosis inhibitors have been de-
scribed from baculoviruses, including the p35-like genes
and the inhibitor of apoptosis (iap) gene family. Homo-
logues of the p35 gene, the first inhibitor of apoptosis
described from baculoviruses (Clem, 1997), have been
found only in AcMNPV and BmNPV. Members of the iap
gene family have been found in all baculoviruses se-
quenced to date (Hayakawa et al., 2000). It has been
demonstrated that iap genes from other baculoviruses
can provide inhibition of apoptosis in Acp35  recombi-
nant virus (Seshagiri and Miller, 1997). In OpMNPV, there
are four iap genes (iap-1, -2, -3, and -4). Among these,
iap-3 of OpMNPV and its homologue in Cydia pomonella
GV are capable of blocking apoptosis induced by infec-
tion with mutant AcMNPV in different cell lines (Vucic et
al., 1997; Seshagiri and Miller, 1997; reviewed by Clem,
1997). In SeMNPV and LdMNPV, only iap-2 and iap-3
genes were identified as potential apoptosis inhibitors.
Similarly, in MacoNPV p35, iap-1, and iap-4 genes were
not found and only iap-2 (ORF 110) and iap-3 (ORF 139)
gene homologues were identified. The iap genes from
MacoNPV displayed low sequence conservation com-
pared to those from other baculoviruses; for example,
iap-3 showed only 40, 29, 43, and 32% identity to iap-3
genes from SeMNPV, AcMNPV, OpMNPV, and LdMNPV,
respectively. However, several motifs common to iap
genes, including two tandem baculovirus IAP repeats
and one C-terminal zinc (RING) finger domain, –C3HC4–
(Birnbaum et al., 1994), were found in MacoNPV iap-3.
Auxiliary genes
Auxiliary genes have been defined as those nones-
sential for viral replication but providing some selective
advantage to the virus in terms of its epizootiological
relationships with insect hosts (O’Reilly, 1997). Baculovi-
rus genomes are among the largest described for DNA
viruses and allow for the inclusion of a large variety of
auxiliary genes, including proliferating cell nuclear anti-
gen (pcna), protein kinase (pk) 1 and 2, protein tyrosine
phosphatase (ptp), ubiquitin, p10, superoxide dismutases
(sod), conotoxin-like peptide (ctl), cathepsin, chitinase,
ecdysteroid UDP-glucosyltransferase (egt), fibroblast
growth factor (fgf), actin rearrangement-inducing factor-1
(arif-1), and viral enhancing factor (vef). Homologues to
all of these auxiliary genes, except pcna and pk2, were
found in the MacoNPV genome (Table 2), including pk1
(ORF 3), ptp2 (ORF 38), ubiquitin (ORF 152), p10 (ORF
159), sod (ORF 66), ctl (ORF 107), cathepsin (ORF 33),
chitinase (ORF 22), egt (ORF 39), fgf (ORF 51), arif-1 (ORF
47), and vef (ORF 89).
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Conotoxins, originally isolated from the genus Conus,
are small peptides known to target a variety of sodium
and calcium channels. Conotoxin-like genes (ctl) have
been found in baculoviruses (Eldridge et al., 1992), in-
cluding single copies in AcMNPV, BusuNPV, and XecnGV
and two ctl genes, ctl-1 and ctl-2, found in both LdMNPV
and OpMNPV. A single ctl gene (ORF 107) was found in
MacoNPV, and it showed higher homology to ctl-2 of
OpMNPV (67% identity) and LdMNPV (66%) than to ctl-1
of OpMNPV (50%) and LdMNPV (50%). The MacoNPV ctl
also showed high homology to ctl of XecnGV (67% iden-
tity), but lower homology to ctl of AcMNPV (49%) and
BusuNPV (49%). Typically conotoxins have a “–CX3-
GX2CX6CCX2–3–CX–4–6C–” cysteine “backbone” (Duda
and Palumbi, 1999; Olivera et al., 1994) and this is con-
served in the putative MacoNPV ctl gene product. Cono-
toxin genes are under strong selection and may diverge
rapidly (Duda and Palumbi, 1999). The high identity
among ctl genes in baculoviruses suggests that the ctl
gene may have been acquired from a common source.
A viral enhancing factor (vef) or enhancin gene was
identified in MacoNPV (ORF 89). Enhancin was first iden-
tified in TnGV and has been shown to be a metallopro-
teinase that facilitates baculovirus infections by disrupt-
ing the peritrophic matrix in the midgut of host insects
(Hashimoto et al., 1991; Derksen and Granados, 1988;
Lepore et al., 1996). LdMNPV is the only NPV so far
shown to encode enhancin and it has two copies of the
enhancin gene (Bischoff and Slavicek, 1997; Kuzio et al.,
1999). The putative MacoNPV enhancin showed very low
identity with other enhancins, 22% to TnGV enhancin, 19
and 20% to LdMNPV enhancin-1 and -2, respectively, and
21, 22, 23, and 22% to ORFs 152, 150, 154, and 166,
respectively, of XecnGV.
As is the case of BmNPV, LdMNPV, SeMNPV, XecnGV,
and PlxyGV pcna was not found in the MacoNPV ge-
nome. pcna genes have been found in AcMNPV (ORF 49)
and OpMNPV (ORF 53) but showed relatively low homol-
ogy (30% identity) (Ahrens et al., 1997). pcna has been
proposed to be involved in viral replication, viral tran-
scription, viral DNA repair, and host cell arrest following
infection, but as yet no functional analysis has been
reported (reviewed by O’Reilly, 1997).
Genome organization
The genome organization of MacoNPV, in terms of
gene order, was compared with those of AcMNPV,
LdMNPV, SeMNPV, and XecnGV using GeneParityPlot
analysis (Hu et al., 1998) (Fig. 4). With the exception of an
inversion in gene order between 10 and 20 map units
(MacoNPV ORF 16 to ORF 36), the MacoNPV genome
organization closely resembled that of SeMNPV (Fig. 4C).
This region of gene inversion also included additional
genes in MacoNPV not found in SeMNPV including three
bro genes, an hr, three genes unique to MacoNPV, and
the four genes with homologues only in XecnGV
(MacoNPV ORFs 19, 20, 26, and 29) (Table 2). There were
43 ORFs present in MacoNPV not found in SeMNPV and
these fall on the y axis of the GeneParityPlot analysis
(Fig. 4C). Interestingly the longer contiguous blocks of
these genes were associated with bro genes or hrs.
For example, MacoNPV ORFs 24 to 31 are flanked by
bro-b and bro-c (Table 2). In addition, there were four
MacoNPV genes which were not collinear with SeMNPV
homologues, including MacoNPV ORF 43 (SeMNPV ORF
68), 59 (SeMNPV ORF 96), 73 (SeMNPV ORF 31), and
122/123 (SeMNPV ORF 13) (Fig. 4C). The arrangement of
all other genes was collinear with that of SeMNPV.
As is the case for SeMNPV, the gene order of
MacoNPV appears to be inverted compared with those of
LdMNPV and AcMNPV (Ijkel et al., 1999); thus the gene
order for MacoNPV was reversed for the GeneParityPlot
comparison with AcMNPV and LdMNPV (Figs. 4A and
4B). The genome organizations in terms of gene order of
MacoNPV versus LdMNPV or AcMNPV are quite similar.
However, the LdMNPV genome displays additional gene
rearrangements and inversions of gene order (Fig. 4B) as
was previously noted by Ijkel et al. (1999). The compar-
ison of genome organization between MacoNPV and
XecnGV demonstrated a much more random relationship
except for three collinear gene clusters in the middle of
the genome including the cluster 8 group identified by
Ijkel et al. (1999) that contains DNA helicase. Possibly all
baculoviruses share a small core set of genes that have
a conserved collinearity. Together with the fact that
MacoNPV genes showed highest sequence identity to
SeMNPV homologues, the GeneParityPlot analysis indi-
cated that MacoNPV is much more closely related to
SeMNPV than to LdMNPV and AcMNPV. MacoNPV is only
distantly related to XecnGV but, nevertheless, contains a
significant number of genes in common with it, including
four ORFs currently found only in these two viruses.
Interestingly, these ORFs occur in the MacoNPV genome
in a region of gene rearrangement and insertion with
respect to SeMNPV. The geographic distribution of the
host insects for MacoNPV and XecnGV, M. configurata
and X. c-nigrum, respectively, overlap significantly in
western North America (Landolt, 2000). This suggests
that MacoNPV and XecnGV (or related virus) might have
co-infected hosts and exchanged gene sequences. It is
also interesting to note that the known host range of
XecnGV is much broader than that of other GVs. XecnGV
infects members of at least five genera of noctuids (Goto
et al., 1992), which would increase the possibility for
interaction between these two viruses, or their ances-
tors, each with relatively broad host ranges.
In conclusion, the similarity between the MacoNPV
and the SeMNPV genomes is compelling, as shown by
the high degree of ORF sequence identity, striking ge-
nome organization similarities, presence of two copies of
both odv-e66 and p26, and absence of the major budded
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virus envelope protein gp64, the regulatory gene ie-2,
and a number of other genes which distinguish group I
and II NPVs (Herniou et al., 2001). However, MacoNPV is
distinct from SeMNPV in that there are 14 SeMNPV ORFs
not found in MacoNPV and there are 44 ORFs found in
MacoNPV which are not found in SeMNPV. This latter
group includes the 8 bro-like genes, an enhancin-like
gene, and a ctl homologue. It is remarkable that gene
order is so highly conserved, whereas other equally
distantly related viruses (based on amino acid homology)
have a significantly altered genomic organization. It will
be interesting to determine what parameters functionally
maintain baculovirus gene organization while concur-
rently permitting sequence divergence.
MATERIALS AND METHODS
Insects, virus purification, and viral DNA preparation
Larvae from a laboratory culture of M. configurata
were maintained on a semisynthetic diet (Bucher and
Bracken, 1976) at 21°C, 60% relative humidity, and a 18/6
light/dark photoperiod. Stocks of MacoNPV were pro-
duced by infection of fourth-instar bertha armyworm lar-
vae by contamination of the diet with 1.4  104 PIB/cm2
of diet surface. The MacoNPV-90/2 isolate was derived
from a single larval cadaver from a single collection site
in 1990. It was amplified by infection in vivo and cloned
using an in vivo isolation technique as previously de-
scribed by Smith and Crook (1988). Restriction endonu-
clease analysis of the virus isolate did not reveal the
presence of submolar fragments (Li et al., 1997) and in
subsequent analysis of the genome sequence data very
few (50) nucleotide polymorphisms were detected, in-
dicating that the isolate was genetically homogeneous.
Virus production and PIB isolation, virion purification,
and viral DNA extraction essentially followed previously
described methods (Erlandson, 1990; Li et al., 1997).
Restriction endonuclease analysis and cloning
of viral DNA
Virus DNA digestion and cloning were the same as
previously described methods (Li et al., 1997). Briefly,
viral DNA was digested with BamHI, EcoRI, HindIII, PstI,
SmaI, and XhoI. Shotgun cloning of size-selected,
sheared viral DNA was also used to produce a library of
random viral DNA fragments. All viral DNA fragments
were cloned into pBluescript SK() plasmid vectors, with
the exception of those created by XhoI digestion, which
were cloned into pUC18. Competent Escherichia coli
(DH5) cells were transformed using standard tech-
niques (Maniatis et al., 1982). Plasmid DNA for sequenc-
ing was purified using Qiagen miniprep columns.
DNA sequencing and sequence analysis
DNA sequence was generated from both ends of the
shotgun-cloned viral DNA fragments using either univer-
sal forward and reverse primers or T3 and T7 primers. A
similar approach was used to derive partial sequence
from the ends of REN fragment clones. When required,
selected regions of the genome were sequenced using
“sequence walking” with custom-synthesized primers.
For each sequencing reaction, approximately 200 ng of
plasmid DNA was subjected to dideoxynucleotide chain
termination sequencing using an ABI Prism BigDye Ter-
minator Cycle Sequencing Kit and resolved with an ABI
377 DNA sequencer (PE Biosystems). Sequence data
were analyzed using AutoAssembler DNA Sequence As-
sembly software (PE Biosystems).
The generated sequences were analyzed with Wis-
consin Genetics Computer Group programs (Devereux et
al., 1984) and DNASTAR software. Homology searches
were carried out with the updated GenBank/EMBL,
SWISSPROT, and PIR databases, via the NCBI nucleotide
and protein database using the BLAST algorithm (Alt-
schul et al., 1997). All percentage identity estimates were
based on the percentage of identical amino acid resi-
dues for predicted protein sequence for two complete
genes. Multiple sequence alignments were accom-
plished with DNASTAR software with default gap penalty
(10) and gap length penalty (10) with PAM250 matrix.
Conserved domains (motifs) were identified by searching
against the Conserved Domain Database with Reverse
Position Specific BLAST in NBCI databases using a CD-
search algorithm (Altschul et al., 1997). BRO protein
alignments were carried out using MACAW as previously
described (Kuizo et al., 1999). Trans-membrane domain
predictions were screened using PHD (Rost and Sander,
1993). GeneParityPlot analysis was performed to com-
pare gene order on the MacoNPV genome to that of
other baculoviruses as described by Hu et al. (1998).
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Note added in proof. Following the submission of this article the
complete genomic sequences of two additional baculoviruses were
published, Cydia pomonella granulovirus (CpGV) (Luque et al., 2001)
and Spodoptera litura MNPV (SpltMNPV) (Pang et al., 2001). Blast
analysis identified 105 ORFs common to MacoNPV and SpltMNPV and
74 ORFs common to MacoNPV and CpGV. The number of ORFs in
common to all baculoviruses subsequently dropped to 62 due to the
absence of the sod gene in SpltMNPV and the fact that p10, ie0, and iap
were not included in a list of common ORFs in CpGV (Luque et al.,
2001). Ultimately the number of common ORFs which define baculovi-
ruses may decline further as the complete sequences of more bacu-
loviruses become available.
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